The rationale for the pursuit of bacterial type 2 fatty acid synthesis (FASII) as a target for antibacterial drug discovery in Gram-positive organisms is being debated vigorously based on their ability to incorporate extracellular fatty acids. The regulation of FASII by extracellular fatty acids was examined in Staphylococcus aureus and Streptococcus pneumoniae, representing two important groups of pathogens. Both bacteria use the same enzymatic tool kit for the conversion of extracellular fatty acids to acyl-acyl carrier protein, elongation, and incorporation into phospholipids. Exogenous fatty acids completely replace the endogenous fatty acids in S. pneumoniae but support only 50% of phospholipid synthesis in S. aureus. Fatty acids overcame FASII inhibition in S. pneumoniae but not in S. aureus. Extracellular fatty acids strongly suppress malonyl-CoA levels in S. pneumoniae but not in S. aureus, showing a feedback regulatory system in S. pneumoniae that is absent in S. aureus. Fatty acids overcame either a biochemical or a genetic block at acetyl-CoA carboxylase (ACC) in S. aureus, confirming that regulation at the ACC step is the key difference between these two species. Bacteria that possess a stringent biochemical feedback inhibition of ACC and malonyl-CoA formation triggered by environmental fatty acids are able to circumvent FASII inhibition. However, if exogenous fatty acids do not suppress malonyl-CoA formation, FASII inhibitors remain effective in the presence of fatty acid supplements.
antibiotics | bacterial phospholipid synthesis | natural products T he frequency of multidrug-resistant Staphylococcus aureus (MRSA) continues to rise, and therapies directed against new targets are needed to combat this prevalent pathogen (1, 2) . One such target is bacterial type 2 fatty acid synthesis (FASII) (3) . The idea of targeting FASII evolved in Escherichia coli where FASII is essential even though these organisms incorporate environmental fatty acids into phospholipids (4) . Extracellular fatty acids cross the outer membrane via the FadL porin and translocate to the cytosolic aspect of the inner membrane where they are activated by acyl-CoA synthetase. Acyl-CoAs are used by the PlsB/PlsC glycerol-PO 4 acyltransferase system for phospholipid synthesis. The essentiality of the FASII genes in Gram-negative bacteria arises from the requirement for β-hydroxy-fatty acids to assemble the lipid A core structure of outer membrane lipopolysaccharides (4) . Fatty acid supplementation cannot support lipid A synthesis because there is no mechanism to transfer acyl chains from CoA to the acyl carrier protein (ACP) of FASII so that the hydroxyl group can be introduced. Supplementation with hydroxy-fatty acids also is ineffective because the acyltransferases of lipid A biosynthesis use only ACP thioester substrates (5) .
A number of natural products target different steps in FASII. These steps include β-ketoacyl-ACP synthase [FabF, thiolactomycin (6, 7), cerulenin (7, 8) , platencin (9) , and platensimycin (10)], enoyl-ACP reductase [FabI, cephalochromin (11) , kalimantacin (12) , and aquastatin A (13)], β-ketoacyl-ACP reductase [FabG, macrolactin S (14) ], and acetyl-CoA carboxylase [ACC, andrimid (15) ]. Several studies in animal models show that these natural products are effective in protecting against bacterial infections in animals (9, 10, 15, 16) . These discoveries, coupled with the realization that two widely used antibacterial agents, triclosan (17, 18) and isonaizid (19) , target FabI, stimulated the development of small-molecule FabI inhibitors (3). These inhibitors were developed to target S. aureus because other groups of Gram-positive pathogens, exemplified by Streptococcus pneumoniae, do not express an FabI but rather carry out the enoyl-ACP reduction using the unrelated FabK flavoprotein (20) . These nextgeneration FabI inhibitors also are effective in curing S. aureus infections in animal models (21) (22) (23) (24) (25) (26) .
Brinster et al. (27) have questioned the feasibility of targeting FASII in Gram-positive pathogens based on the finding that FASII is not essential in Streptococcus agalactiae if the bacteria are supplemented with fatty acids or human serum. Whether the findings with S. agalactiae can be extended reasonably to all Grampositive bacteria has spurred a vigorous debate. Balemans et al. (24) were unable to show that fatty acids rescued S. aureus treated with a FabI inhibitor, but Brinster et al. (28) countered by showing that S. aureus can incorporate exogenous fatty acids and have constructed a S. aureus fabI knockout that is a fatty acid auxotroph. This article addresses this debate by showing that exogenous fatty acids stringently repress acetyl-CoA carboxylase (ACC) activity in Gram-positive bacteria like S. pneumoniae, allowing fatty acid supplements to replace endogenous fatty acids completely. However, S. aureus lacks this regulatory control system, and the inability of exogenous fatty acids to shut off de novo biosynthesis accounts for their sensitivity to FASII inhibitors even in the presence a fatty acid supplement.
Results
Fatty Acid Incorporation into S. aureaus and S. pneumoniae Phospholipids. We used oleic acid (18:1Δ9) to study the metabolism of exogenous fatty acids because it is a common mammalian fatty acid and is distinguished easily from the products of FASII. S. aureus grown in medium devoid of fatty acids contained primarily anteiso saturated fatty acids (a15:0 and a17:0) ( Table 1) . Phosphatidylglycerol (PtdGro) is the major phospholipid of S. aureus, and the principal molecular species was 32:0 consisting of a17:0 (1-position) paired with a15:0 (2-position) ( Fig. 1A and Table S1 ). Growth in 500 μM 18:1Δ9 showed that the a17:0 fatty acid component was replaced by 18:1Δ9 and 20:1Δ11, but the a15:0 content remained at w50% ( Table 1 Table S2 ). Although S. pneumoniae (Order: Lactobacillales) and S. aureus (Order: Bacillales) both belong to the Firmicutes phylum, their fatty acid compositions are distinctly different. S. pneumoniae contains Author contributions: J.B.P. and C.O.R. designed research; J.B.P., M.W.F., C.S., and P.S. performed research; P.S. contributed new reagents/analytic tools; J.B.P., M.W.F., C.S., P.S., and C.O.R. analyzed data; and J.B.P., M.W.F., C.S., and C.O.R. wrote the paper.
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This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1109208108/-/DCSupplemental. straight-chain saturated and monounsaturated fatty acids, and when grown with 18:1Δ9 this organism completely replaced endogenous fatty acids with the exogenous supplement ( Table 1) . Unlike S. aureus, 18:1Δ9 was not elongated in S. pneumoniae. Thus, there is a limit to the amount of exogenous fatty acid that can be incorporated into S. aureus phospholipids, whereas there is no such barrier in S. pneumoniae.
Although the pathway for incorporation of exogenous fatty acid into phospholipid is established in E. coli (4), Gram-positive bacteria use a different glycerol-PO 4 acyltransferase (PlsY) and acyl donor (acyl-PO 4 ) based on research using S. pneumoniae (29) . We confirmed that in S. aureus acyl-PO 4 is the PlsY substrate, and acyl-ACP is the only PlsC acyl donor (Fig. S1A) . Acyl-CoA has no role in S. aureus phospholipid synthesis (Fig. S1A) . The elongation of 18:1Δ9 to 20:1Δ11 in S. aureus (Table 1) suggested that, unlike E. coli, exogenous fatty acids have direct access to the FASII system. Acyl-ACP synthetases that ligate fatty acids to ACP are known in bacteria (30, 31) , and soluble extracts of both S. aureus and S. pneumoniae exhibited acyl-ACP synthetase activity (Fig.  S1B) . The genes encoding the acyl-ACP synthetases in these organisms remain to be identified. These data show that both Gram-positive organisms use the same enzymatic tool set for the activation and incorporation of fatty acids into membrane phospholipids via an acyl-ACP intermediate (Fig. 1C) .
Evasion of FasII Inhibitors by Exogenous Fatty Acids. Platensimycin (10) and cerulenin (32) are two natural products that inhibit the condensation step of FASII catalyzed by the β-ketoacyl-ACP synthase II (FabF). FabF is an essential gene in both S. aureus and S. pneumoniae, and the FabF inhibitor platensimycin blocked the growth of both organisms ( Fig. 2A) . The ability of exogenous fatty acids to overcome FASII inhibitors was tested in S. aureus using medium supplemented with a15:0 plus a17:0 and in S. pneumoniae in medium supplemented with 18:1Δ9. Fatty acid supplementation of S. aureus increased the minimal inhibitory concentration (MIC) for platensimycin, but the FabF inhibitor still blocked the growth of S. aureus. In contrast, FabF inhibition did not prevent S. pneumoniae growth when fatty acids were present. The same results were seen when cerulenin was used as the FabF inhibitor (Fig. S2 ). These data underscored the distinct difference between S. aureus and S. pneumoniae in the ability of exogenous fatty acids to overcome FASII inhibition.
AFN-1252, an S. aureus FabI Inhibitor. The hydrophobic natural product FASII inhibitors have limited utility as drugs. The recognition of this general problem led to numerous efforts to identify more suitable chemical scaffolds that specifically target FabI (3). AFN-1252 is a potent S. aureus FabI (enoyl-ACP reductase) inhibitor that was optimized to maximize S. aureus efficacy and bioavailability (33) . However, few mechanism-of-action data have been published using AFN-1252. We verified that FabI was the relevant in vivo target for AFN-1252 by selecting S. aureus mutants refractory to 40 ng/mL AFN-1252. Colonies arose at a frequency ranging from 1 in 2 × 10 −9 and 1 in 1 × 10
, and the fabI genes from five colonies were sequenced. Four strains had a missense mutation predicted to express FabI[M99T], and one had a mutation encoding FabI[Y147H]. The MIC for AFN-1252 increased from 6.25 to >200 ng/mL in both strains (Fig. 2B) . Expression of S. aureus FabI from a plasmid significantly increased the AFN-1252 MIC, and the cells were resistant to >500 ng/mL AFN-1252 when the FabI[M99T] protein was expressed (Fig. 2B ). These data established FabI as the relevant in vivo target for AFN-1252. AFN-1252 cannot be used against S. pneumoniae because this bacterium does not have a FabI and thus is refractory to FabI inhibitors, including AFN-1252 (33) .
Exogenous fatty acids were unable to overcome FabI inhibition in S. aureus (Fig. 2C) , although there was a fourfold increase in the AFN-1252 MIC from 3 to 12 ng/mL Fatty acids also were unable to overcome AFN-1252 action in S. aureus strains SA113, Mu50, and MRSA (Fig. S3) , showing that the response of strain RN4220 to AFN-1252 was typical for S. aureus. Human serum significantly increased the MIC but was unable to overcome growth inhibition by AFN-1252 (Fig. 2C) . The shift in MIC by serum was caused primarily by AFN-1252 Base medium was TB for S. aureus and CY medium for S. pneumoniae. BSA, 10 mg/mL; 18:1Δ9, 500 μM. Data are the average of triplicate experiments rounded to 0.1%. tr, <1.0%; -, <0.2%. Table S1 . (B) Analysis of the PtdGro molecular species in S. aureus strain RN4220 grown in TB/BSA/500 μM 18:1Δ9. The total fatty acid composition and the distributions between the 1-and 2-positions of the glycerol backbone are reported in Table S2 . (C) Pathway for the activation, elongation, and incorporation of extracellular fatty acids into membrane phospholipids in S. aureus and S. pneumoniae. Fatty acids are ligated to ACP by an acyl-ACP synthetase (AAS). Acyl-ACP is used by PlsC to acylate the 2-position, converted to acyl-PO 4 by PlsX, and transferred to the 1-position by PlsY, or elongated by FASII. R, fatty acid alkyl chain.
binding to the protein components, because, when the serum lipids were extracted and added at the same concentration as present in human serum, the effect on the AFN-1252 MIC was reduced (Fig. 2C) .
Adaptation of S. aureus to Exogenous Fatty Acids. One concept that was advanced to explain the apparent effectiveness of FASII inhibitors in animal models is that the drugs were administered before S. aureus had time to adapt to the presence of extracellular fatty acids (27) . This idea appears to be based on the induction of numerous fatty acid metabolism genes in E. coli and Bacillus subtilis in response to exogenous fatty acids (34) . These organisms have fatty acid β-oxidation regulons that are induced by exogenous fatty acids along with the acyl-CoA synthetases required for their activation. Bioinfomatic analysis of the S. aureus genome did not reveal a set of genes for fatty acid degradation, suggesting that elongation by FASII and incorporation into cellular components was their only fate. We confirmed this point by metabolically labeling S. aureus with [ 14 C]18:1Δ9 and determining the recovery of label from the cells and medium (Fig. S4) . Quantifying the amount of label remaining in the medium after cell growth showed that 31% of the label was incorporated into the cells. The entire input radioactivity was recovered as fatty acid, demonstrating that S. aureus does not degrade fatty acids. The response of S. aureus to AFN-1252 was the same when S. aureus was adapted to fatty acids by passaging in 18:1Δ9 for 3 d (Fig. S4D) , and the proportion of 18:1-derived fatty acids remained at 50%. In summary, we found no evidence for an adaptive response to exogenous fatty acids in S. aureus that affected the extent of fatty acid incorporation or its response to FASII inhibitors.
Differences in Genetic and Biochemical Regulation of FASII in
S. aureus and S. pneumoniae. It is established that S. aureus and S. pneumoniae have different mechanisms for controlling FASII gene transcription. The transcription of FASII and ACC genes in S. pneumoniae is controlled by FabT, a MarR-like repressor that requires long-chain acyl-ACP to bind to DNA (35) . In S. aureus, the FASII genes are regulated by FapR, a transcriptional repressor that is released from DNA by malonyl-CoA (36) . Unlike FabT regulation in S. pneumoniae, the expression of the acc genes is not regulated by FapR (37) . Exogenous fatty acids strongly repressed transcription of the fab/acc genes in S. agalactiae but had no effect on fab gene transcription in S. aureus (24) , consistent with the conversion of fatty acids to long-chain acyl-ACP (Fig. 1C) , the ligand required for FabT repression of fab/acc genes (35) . We compared the suppression of FASII activity by exogenous fatty acids in wild-type and transcription factor-knockout strains to determine if genetic regulation explained the differences in the extent of fatty acid incorporation. In S. aureus grown with 18:1Δ9, the amount of [ 14 C]acetate incorporation was reduced by w50% (Fig. 2D) , reflecting the amount of 18:1Δ9 incorporated (Table  S3) . Growth of S. pneumoniae with 18:1Δ9 almost eliminated acetate incorporation (Fig. 2D) , leading to 18:1Δ9 predominating in the phospholipids (Table S3) . These results were the same in the transcription factor-knockout strains that constitutively expressed high levels of FASII genes ( Fig. 2D and Table S3 ). Thus, the distinct differences in FASII transcriptional regulation did not account for the differences in exogenous fatty acid metabolism. Rather, biochemical regulation of FASII was the key difference.
Exogenous Fatty Acids Repress ACC in S. pneumoniae but Not in S.
aureus. We measured the intracellular levels of malonyl-CoA using electrospray ionization (ESI)-MS/MS to determine if feedback regulation of fatty acid production by exogenous fatty acids occurred at the ACC step. Malonyl-CoA accumulation is a hallmark of FASII elongation cycle inhibition because ACC remains active even though the utilization of malonyl-CoA ceases (37, 38) . The treatment of either S. aureus or S. pneumoniae with FASII inhibitors significantly increased the intracellular levels of malonyl-CoA (Fig. 2F) . The presence of fatty acids did not decrease the intracellular levels of malonyl-CoA in S. aureus, but fatty acids significantly depressed malonyl-CoA levels in S. pneumoniae (Fig.  2F ). Exogenous 18:1Δ9 also suppressed malonyl-CoA levels in S. pneumoniae treated with cerulenin but did not affect malonylCoA levels in AFN-1252-or platensimycin-treated S. aureus (Fig.  2F) . These data show that exogenous fatty acids potently represses the production of malonyl-CoA in S. pneumoniae, but this mode of biochemical regulation is absent in S. aureus.
If the lack of regulation at ACC was solely responsible for the inability of S. aureus to circumvent FASII inhibitors using fatty acids, then fatty acid supplements should rescue S. aureus from ACC inhibitors. Andrimid, a natural product ACC inhibitor (15) , was effective in blocking the growth of both S. aureus and S. pneumoniae in the absence of fatty acids (Fig. 3A) . In contrast to the FASII inhibitors, fatty acids overcame growth inhibition by andrimid in S. aureus as well as S. pneumoniae (Fig. 3A) . The ]acetate (10 μCi/mL) to determine the effect of growth with exogenous 18:1Δ9 and de-repression of fab gene expression on de novo fatty acid biosynthesis. S. aureus strains were RN4220 (WT) and CS34 (ΔfapR). S. pneumoniae strains were D39 (WT) and LYJ4 (ΔfabT). Fatty acid composition of the strains grown and treated as described in D are found in Table S3 . (E) Malonyl-CoA levels in S. aureus and S. pneumoniae treated with FASII inhibitors in the presence and absence of exogenous 18:1Δ9 (500 μM). Malonyl-CoA levels were measured by mass spectrometry following a 60-min treatment of strain RN4220 with AFN-1252 (100 ng/mL) or platensimycin (8 μg/mL) or treatment of S. pneumoniae strain R6 with cerulenin (100 μg/mL).
addition of either AFN-1252 or platensimycin after an andrimid block did not inhibit S. aureus growth, illustrating the specific action these drugs against FASII (Fig. 3B) . These data show that andrimid inhibition of ACC in S. aureus mimics the biochemical regulation of ACC in S. pneumoniae and allows exogenous fatty acids to support cell growth.
FASII Inhibitors Alter Fatty Acid Uptake in S. aureus. The blockage of FASII in E. coli induces the accumulation of acyl-ACP as chain initiation continues and acyl-ACP accumulates at the inhibited step (39, 40) . AFN-1252 triggered acyl-ACP accumulation concomitant with depletion of nonesterified ACP, whereas blocking initiation with andrimid did not (Fig. 3C) . The presence of exogenous fatty acid did not prevent the accumulation of short-chain acyl-ACP in AFN-1252-treated cells (Fig. 3C) . The faster-migrating bands were thioesters, based on their conversion to ACP by DTT. Strain CS34 (ΔfapR) had 3.6-fold more ACP than strain RN4220 (Fig. S5A) but did not have an altered MIC for AFN-1252 (Fig. S5B) , and the elevated level of ACP still was converted almost completely to short-chain acyl-ACP following AFN-1252 treatment (Fig. S5C) . Because nonesterified ACP is required for fatty acid incorporation (Fig. S1 A and C) , the disappearance of ACP resulting from its conversion to acyl-ACP intermediates in AFN-1252-treated cells suggests that the drug may inhibit the uptake of exogenous fatty acids. AFN-1252 prevents both [ incorporation into S. pneumoniae is not altered by platensimycin (Fig. 3F) . These data show that FASII inhibition triggers the depletion of nonesterified ACP because of the continued initiation and the accumulation of acyl-ACP at the blocked FabI step. This depletion occurred only when ACC was active to supply malonyl-ACP for the initiation of new acyl chains.
Analysis of S. aureus ΔaccD Mutants Allows Replacement of Endog-
enous with Exogenous Fatty Acids. The experiments with andrimid suggest that S. aureus ACC mutants could be isolated as fatty acid auxotrophs. ACC has four protein subunits encoded by four genes (accABCD), and its activity was ablated by knocking out accD. S. aureus strain PS01 (ΔaccD) was constructed by performing all the steps on plates containing a BSA/a15:0/a17:0 mixture (Fig.  4A) . Strain PS01 was a fatty acid auxotroph (Fig. 4B) and was complemented by plasmid pPS7 that expressed the accDA operon (Fig. 4C) . Plasmid pPS7 was derived from pCL15 and was designed to control gene expression using the Pspac promoter (41) . Unfortunately, plasmid pPS7 also supported the growth of the strain PS01 in the absence of a fatty acid supplement and isopropylthio-β-galactoside and thus produced sufficient AccD in the absence of inducer to complement the ACC defect. AFN-1252 had no effect on the growth of strain PS01; however, AFN-1252 did inhibit the growth of the complemented strain PS01/pPS7 in either the presence or absence of a fatty acid supplement (Fig. 4C) . These experiments using a targeted genetic approach confirmed the conclusions made using andrimid to inactivate ACC.
Strain JP102 (ΔaccD ΔfabI) was constructed from strain PS01 (Fig. 4A ) and also was a fatty acid auxotroph (Fig. 4B) . Our attempts to use the same approach to introduce ΔfabI into the wildtype strain RN4220 were unsuccessful. As expected, strain JP102 was resistant to AFN-1252 inhibition. We were unable to transform strain JP102 with plasmid pPS7, although transformations with the empty vector were successful. In an experiment to address the effect of FabI activity on the ability to transform strain PS01 (ΔaccD) with a plasmid expressing accDA (pPS7), an equal aliquot of cells from the transformation mixture was recovered on medium containing chloramphenicol (to select for the plasmid) and either BSA/ a15:0/a17:0 or the same medium containing 40 ng/mL of AFN-1252, and the numbers of colonies recovered were compared. Numerous colonies (64 per plate) appeared when selecting on medium without AFN-1252, but no colonies were recovered in medium containing AFN-1252. These results support the essentiality of FabI in the presence of active ACC.
These genetic experiments suggested how fabI knockouts in S. aureus could be isolated in the laboratory as fatty acid auxotrophs by the acquisition of secondary inactivating mutations in an acc gene. The insertion of a knockout cassette into the target gene is a low-frequency event that usually is selected for stringently using antibiotics. If a secondary mutation is required, the frequency of recovering fabI knockouts would be even lower, consistent with the observation that a ΔfabI allele could not be introduced into a wild-type strain using the same number of cells used to delete fabI in strain PS01. We tested this idea by inactivating FabI in the entire cell population by plating strain RN4220 on medium containing BSA/a15:0/a17:0 plus 40 ng/mL of AFN-1252 and selecting for resistant mutants. The number of colonies arising on the AFN-12522/fatty acid medium was 10-fold higher than when strain RN4220 was selected on medium containing AFN-1252 alone. Two colony types were recovered. The larger colonies (w7% of the total) did not require a fatty acid supplement and corresponded to lesions in the fabI gene. The smaller colonies (w93% of the total) were fatty acid auxotrophs. [ 14 
C]
Acetate labeling of three selected clones showed these strains were more deficient in fatty acid synthesis than andrimid-treated cells (Fig. 4D) . The fabI and the four acc genes in each of these strains were sequenced. All strains had wild-type fabI genes. Strain MWF23 had a g232t mutation introducing a stop at codon 78 in accD; strain MWF26 had an a257t mutation in accC predicted to encode an AccC[E86V] protein; and strain MWF28 had a 301-bp deletion in accC. All acc mutant strains were completely refractory to AFN-1252 or platensimycin growth inhibition in the presence of fatty acids. These data illustrate how a knockout in a fab gene can be obtained in S. aureus by selecting on medium containing fatty acids, allowing the selection for inactivating acc mutations, and explain how S. aureus ΔfabI strains can be isolated as fatty acid auxotrophs (28) .
Discussion
The differences in the biochemical regulation of ACC by exogenous fatty acids account for the responses of S. aureus and S. pneumoniae to FASII inhibitors (Fig. 4E) . In S. pneumoniae fatty acid supplements potently suppress the formation of malonyl-CoA by ACC to eliminate FASII activity. Thus, S. pneumoniae is refractory to growth inhibition by FASII inhibitors in the presence of exogenous fatty acids. The biochemical mechanism for ACC regulation by extracellular fatty acids in S. pneumoniae remains to be determined. Long-chain acyl-ACPs act as feedback regulators of initiation in E. coli (42, 43) , but other ligands, such as acyl-PO 4 , may be involved in S. pneumoniae. Although exogenous fatty acids are incorporated by S. aureus, the regulation of ACC by fatty acids is not stringent enough to suppress FASII. The competition for ACP between FASII and fatty acid activation means that exogenous fatty acids cannot replace the endogenously produced acyl chains completely. When a FASII inhibitor is deployed against S. aureus in the presence or absence of fatty acids, the initiation of new acyl chains continues, leading to the depletion of ACP as the acyl-ACP intermediates accumulate at the inhibited step. The depletion of ACP for fatty acid ligation correlates with diminished exogenous fatty acid incorporation into phospholipid. The identity of the enzymes involved in fatty acid uptake and their regulation remains to be defined.
These data resolve the debate over the utility of FASII inhibitors in treating S. aureus infections. The diversity in the biochemical regulation of FASII in Gram-positive bacteria explains why FASII inhibitors are effective in the presence of fatty acids in some Grampositive bacteria (S. aureus) but not in others (S. pneumoniae) (Fig.  4E) . The isolation of AFN-1252-resistant S. aureus fatty acid auxotrophs with secondary mutations in acc genes coupled with the characteristics of ΔaccD and ΔaccD ΔfabI strains illustrates that FabI is essential in the presence of fatty acids unless ACC is inactivated also. These data provide the mechanistic basis for understanding the anti-staphylococcal activity of fatty acid synthesis inhibitors in animal models (9, 10, 21, 24, 25) . Predicting how other Gram-positive bacteria will respond to exogenous fatty acids is problematic. Bacteria with FapR regulation likely will behave like S. aureus, whereas those with FabT-dependent FASII regulation may emulate S. pneumoniae. However, Propionibacterium sp. and Clostridium sp. do not fit either of these paradigms. Determining if FASII is biochemically regulated by extracellular fatty acids is a diagnostic metabolic labeling experiment that could be 14 C]acetate (10 μCi/mL) compared with wildtype strain RN4220 grown with or without an a15:0/a17:0 supplement. Strain RN4220 grown in the presence of andrimid (75 μg/mL) was analyzed also. Inset shows fatty acid auxotroph growth phenotypes on agar plates with and without a15:0/a17:0 supplements. (E) Regulation of FASII activity by fatty acids in S. pneumoniae but not in S. aureus. In S. pneumoniae, fatty acids feedback inhibits acetyl-CoA carboxylase and shuts off FASII. S. aureus lacks this stringent regulatory circuit.
used to predict the behavior of FASII inhibitors in the presence of fatty acids in these and other pathogens.
The finding that exogenous fatty acids cannot overcome growth inhibition by cerulenin in S. aureus is in apparent disagreement with previously published work (44) . These investigators report that growth at the MIC for cerulenin was restored partially by the addition of fatty acids. This observation matches our data showing the restoration of growth at the cerulenin MIC by fatty acids in S. aureus (Fig. S2) . The effect of medium composition on MIC can be significant. Fatty acids are delivered as detergent micelles, mixed micelles with another detergent such as Brij-58, or as BSA complexes, and these additives significantly decrease the effective drug concentration. Thus showing fatty acid rescue using the lowest effective drug dose (the MIC) cannot be used as diagnostic. AFN-1252 at the MIC concentration of 3 ng/mL inhibited only [ 14 C]acetate incorporation by w20% (Fig. 3D) . Thus, exogenous fatty acids should shift the MIC for any FASII inhibitor in S. aureus, which use fatty acid supplements to support w50% of phospholipid synthesis. Another complicating factor in interpreting this early study (44) and more contemporary work (24, 27) is that the phospholipid structures of the strains were not examined, and the extent of FASII inhibition in the complex medium was not determined to confirm that the inhibitor completely suppresses FASII in the experiment. Also, triclosan was used to show that serum overcame FASII inhibition in S. agalactiae and other Lactobacilli (24, 27) . These experiments are conceptually flawed because there is no FASII target for triclosan in Lactobacilli, which express an FabK instead of an FabI (45) . Although our data are consistent with the overall conclusion that Lactobacilli can overcome FASII inhibition by using fatty acid supplements, the observations that fatty acid supplements alleviate the non-FASII effect(s) of triclosan in Lactobacilli (24, 27) illustrate why restoration of growth by the addition of serum or hydrophobic constituents to medium is insufficient to show a specific pathwayrescue effect without additional supporting information.
Materials and Methods
S. aureus and S. pneumoniae strains used in this work are listed in Table S4 . Exogenous fatty acids were supplied in the growth medium complexed with 10 mg/mL BSA for S. pneumoniae, and S. aureus fatty acid was delivered with either Brij-58 or BSA. Bacterial lipids were labeled metabolically and extracted using standard techniques, and individual species were separated by thin-layer chromatography. Fatty acid compositions were determined by gas chromatography, and phospholipid molecular species and malonyl-CoA levels were determined by mass spectrometry. MIC values were determined by a microbroth dilution method. Mutants were isolated by selection on the indicated media, and the defects were determined by DNA sequencing of the acc and fabI genes. Details of the experimental procedures can be found in SI Materials and Methods.
